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Abstract 
The capture of CO2 from a 10 vol% CO2 gas by chemical absorption with aqueous solutions containing 30 wt% of single and 
mixed monoethanolamine (MEA), 2-(2-aminoethylamino)ethanol (AEEA), piperazine (PZ), and 2-amino-2methyl-1-propanol 
(AMP) in a rotating packed bed (RPB) was studied. The RPB had an inner diameter of 7.6 cm, an outer diameter of 16 cm, and a 
height of 2 cm. The CO2 capture efficiency was found to increase with increasing temperature in a range of 303 to 333 K. It was 
also found to be dependent on rotating speed, gas flow rate, and liquid flow rate. The 30 wt% mixed alkanolamine solutions 
containing MEA or AEEA with at least 10 wt% PZ were the appropriate absorbents compared with the single alkanolamine and 
the mixed alkanolamine solutions containing AMP. A higher portion of PZ in a mixture was more favourable to CO2 capture. 
Because of short contact time in a RPB, alkanolamines with high reaction rate with CO2 are suggested to use. For the solutions 
containing 15 wt% MEA or AEEA and 15 wt% PZ, the highest gas flow rate allowed to achieve a capture efficiency more than 
90% were 30 L/min at a solution of 100 mL/min and 50 L/min at a solution of 300 mL/min. The corresponding height transfer 
units were found to be less than 2.0 cm, significantly lower than those in a conventional packed bed absorber.   
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1. Introduction 
To capture CO2 with chemical absorption for synthesis-gas production, hydrogen manufacturing, and natural gas 
processing, alkanolamines including monoethanolamine (MEA), 2-(2-aminoethylamino)ethanol (AEEA), 
diethanolamine (DEA), methyldiethanolamine (MDEA), 2-amino-2-methyl-1-propanol (AMP), and piperazine (PZ) 
are commonly used. The reaction rate with CO2 of these alkanolamines follows the order of PZ > AEEA > MEA > 
DEA > MDEA > AMP (1-6). However, to use these alkanolamine solutions to treat the exhausted gases of power 
plants faces some problems including their high corrosion and vapour pressure nature and a huge volume of the 
exhausted gas streams needed to treat. Besides, a large room for installation and operation is required due to the 
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existence of significant mass transfer resistances in the conventional gas-liquid contactors. Obviously, a proper 
absorbent formulation and an effective operation are needed to develop.  
 
Absorption in a rotating packed bed (RPB) in which liquid and gas come into contact in the presence of a high 
centrifugal field has been proven as an effective operation to reduce absorber volume and to enhance mass transfer 
rate between gas and liquid (7-12). This operation has been denoted as Higee and was originally proposed by 
Ramshaw and Mallinson (7). To capture CO2 from a gas containing 10 vol% of CO2, the overall mass transfer 
coefficients in a RPB had indeed been shown to be larger than those in a conventional packed bed absorber (9,11). 
Jassim et al. (12) calculated the height transfer unit (HTU) for chemical absorption of CO2 from a gas stream 
containing 3.5 to 4.5 vol% CO2 in a RPB. The calculated HTU was found to lie in a range of 14 to 21 cm that is 
much lower than that in a packed bed absorber, indicating a significant volume reduction using a RPB. The volume 
reduction is particularly beneficial to power plants.  
 
To use a RPB, a reduction of the contact time between gas and liquid, however, is inevitable at high gas flow 
rates, resulting in a negative effect on absorption. In this situation, alkanolamines with higher reaction rates with 
CO2 such as PZ, AEEA, and MEA are expected to be more suitable to use. Though PZ has been shown to be a very 
effective absorbent for CO2 capture in packed bed absorber (1), it cannot be used as a major absorbent because of its 
limited solubility in water and a high loss in thermal regeneration due to its high vapor pressure. In addition to 
selection of alkanolamines, a high alkanolamine content in solution is expected to use to overcome the drawback of 
short contact time in a RPB. However, there are not too many existing literatures until now to report the 
performance of high concentrated alkanolamine mixtures in RPB for CO2 capture. The objective of this study is 
therefore to propose a formulation of the mixed alkanolamines to capture CO2 from a 10 vol% gas in a RPB. The 30 
wt% alkanolamine solutions contained the alkanolamines with high reaction rate with CO2 including MEA, AEEA, 
and PZ as ell as their mixtures. To assess the performance of the single and mixed alkanolamines solutions, CO2 
capture efficiency, CO2 loading, and height transfer unit (HTU) were calculated. The effects of rotating speed, 
temperature, liquid flow rate, and gas flow rate on CO2 capture efficiency, CO2 loading, and HTU were studied. 
From the obtained experimental data and the calculated regeneration energy after the absorption, more appropriate 
alkanolamine solutions were then chosen and the highest gas flow rate allowed to enter a RPB to achieve a desired 
CO2 capture efficiency and the corresponding HTU could also be determined.  
2. Experimental 
MEA, AEEA, PZ, AMP with a purity of at least 99% were purchased from Tedia, Sigma-Aldrich,  Seedchem 
Company, and Acros Organics respectively. They were used as received. The physical and chemical properties of 
these absorbents can be found elsewhere (13). CO2 with a purity of 99.5% and nitrogen with a purity of 99.99% 
were purchased from Boclh Industrial Gases (Taiwan).  
 
The experimental apparatus used in this study is shown in Figure 1. The RPB packed with stainless wire mesh 
with the opening of 5 mm × 2 mm possessed an inner and outer diameter of 7.6 and 16 cm, respectively, and a 
height of 2 cm. The inlet liquid and gas streams were heated prior to entering the RPB. The flow rates of CO2 and 
N2 gases were controlled to result in a CO2 gas stream containing 10 vol% of CO2. The total gas flow rate was 
varied from 20 to 70 L min-1. The fed alkanolamine aqueous solution was prepared by adding a predetermined 
amount of single or mixed alkanolamines into de-ionized water. In the operation, the gas stream flowed inward from 
the outer edge of the RPB and the liquid solution flowed outward from the inner edge of the RPB and left from the 
outer edge via a centrifugal force. The flow rates of the liquid solution were observed to be high enough to avoid 
entrainment in the effluent gas stream. All the ratios of gas flow rate to liquid flow rate were less than 1000 
satisfying the suggestion by Lin et al. (9) to avoid flooding. The CO2 concentrations in the inlet and effluent gas 
streams were measured by a NDIR CO2 analyzer (Drager, Polytron Transmitter IR CO2). The measurement range is 
from 0 to 30% with a resolution of 0.01%.  
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Figure 1. Experimental apparatus for CO2 capture in a rotating packed bed.  
3. Result and Discussion 
The CO2 capture efficiency and HTU were calculated from the experimental data using the following equations,  
i o
i
Y -YCapture efficiency = ( )  100%
Y
×           (1) 
o i
i
o
r -rHTU = Yln( )
Y
                                              (2) 
In eq (1) and (2), Yi and Yo are the CO2 concentrations in the inlet and effluent gas streams, respectively, and ro and 
ri are the outer and inner radii, respectively. A higher capture efficiency represents the better CO2 removal efficiency, 
and a lower HTU represents the smaller absorber volume needed to achieve a desired capture efficiency. The CO2 
loading, representing the number of CO2 moles absorbed per mole of absorbent fed to the RPB, was also calculated 
in this study. The equilibrium CO2 loading of each absorbent depends on its thermodynamic limitation, for example, 
the CO2 loading is 0.5 mole for one mole of MEA and 1.0 mole for one mole of AEEA. A higher CO2 loading for an 
absorbent therefore represents the closer to its equilibrium loading.  
 
The reproducibility tests at almost all of the operating conditions were performed in this study. The CO2 
concentration in the effluent gas stream, capture efficiency, and HTU were observed to reproduce with an average 
deviation of less than 2%, indicating the reliability of the measurement. When the alkanolamine solution 15 wt% PZ 
+ 15 wt% MEA was used as the absorbent, Figures 2 shows the dependence of CO2 capture efficiency on rotating 
speed at different gas flow rates for a liquid flow rate of 100 mL/min and a temperature of 333 K. When the rotating 
speed was varied from 400 to 1600 rpm, the corresponding centrifugal acceleration was varied from 67 to 2246 ms-2. 
A higher rotating speed would result in higher mass transfer rate and contact area that favour absorption of CO2. But 
on the other hand, the contact time between gas and liquid was reduced. As a result, an appropriate rotating speed 
was found to exist at 1000 rpm, shown in Figure 2. Based on this observation, the rotating speed at 1000 rpm was 
therefore used in further study. 
 
Figure 3 shows a notable decrease in capture efficiency with gas flow rate in the studied temperature range at a 
fixed liquid flow rate of 100 mL/min using the alkanolamine solution 15 wt% PZ + 15 wt% MEA. This reduction in 
capture efficiency was resulted from more CO2 needed to remove and the less contact time at higher gas flow rates. 
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Figure 2. Dependence of capture efficiency on rotating speed for a liquid flow rate of 100 mL/min and a temperature 
of 333 K. (Gas flow rates: Ƒ, 20 L/min; ż, 30 L/min; Ϧ, 40 L/min; Ŷ, 50 L/min; Ɣ, 60 L/min; Ÿ, 70 L/min). 
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Figure 3. Dependence of capture efficiency on temperature at different gas flow rates for a liquid flow rate of 100 
mL/min and a rotating speed of 1000 rpm. (Gas flow rates: Ƒ, 20 L/min; ż, 30 L/min; Ϧ, 40 L/min; Ŷ, 50 L/min; Ɣ, 
60 L/min; Ÿ, 70 L/min). 
Figure 3 also shows an increase in capture efficiency with increasing temperature at a fixed gas flow rate. It is 
known that equilibrium absorption capacity decreases with increasing temperature according to exothermic 
absorption nature and an increase in reaction rate with increasing temperature according to the Arrhenius equation. 
An increase in capture efficiency with temperature seemed to be more affected by an increase in reaction rate than 
by a decrease in equilibrium capacity at higher temperatures. However, it should be noted that more CO2 was 
present in the gas stream with a fixed gas flow rate at lower temperatures because of the higher density at a lower 
temperature. In this situation, a decrease in capture efficiency with decreasing temperature does not simply imply 
that less CO2 was captured at lower temperatures. This can be seen from Figure 4 that the CO2 loadings at different 
temperatures were nearly identical for the gas flow rates higher than 40 L/min. Based on the different amounts of 
CO2 present in gas at different temperatures and nearly the same loading at different temperatures, a less capture 
efficiency therefore was observed at lower temperatures.  
 
It is not surprised to see from Figure 5 that capture efficiency increased with increasing liquid flow rate for the 
alkanolamine mixtures containing MEA and PZ, because more MEA and PZ were allowed to absorb CO2 and the 
liquid-side mass transfer resistance was reduced. Figures 5 also shows that more PZ was present in the mixture, 
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more CO2 could be captured from the gas stream. The enhancement of capture efficiency by PZ was mainly 
attributed to the fastest reaction rate of PZ with CO2 compared with other alkanolamines used in this study. 
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Figure 4. CO2 loading at different temperatures and gas flow rates for a liquid flow rate of 100 mL/min and a 
rotating speed of 1000 rpm. (Gas flow rates: Ƒ, 20 L/min; ż, 30 L/min; Ϧ, 40 L/min; Ŷ, 50 L/min; Ɣ, 60 L/min; Ÿ, 
70 L/min). 
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Figure 5. Dependence of capture efficiency on gas and liquid flow rates at 333 K for alkanolamine solutions 
containing PZ and MEA. The symbols represent: Ƒ, ż, Ϧ, 15 wt% PZ + 15 wt% MEA; Ŷ, Ɣ, Ÿ,10 wt% PZ + 20 
wt% MEA; ഞ, ഇ, ത, 30 wt% MEA; Liquid flow rates: square, 100 mL/min; circle, 200 mL/min; triangle: 300 
mL/min. 
 
Figures 5 and 6 show that the CO2 capture efficiencies using the 30 wt% mixed alkanolamine solutions 
containing MEA or AEEA with PZ were higher than those using the mixed alkanolamine solutions containing AMP 
with PZ and the single 30 wt% MEA solution. The reason for the mixed solution containing AMP and PZ not 
comparable to the mixed solutions containing MEA or AEEA with PZ was due to the lowest reaction rate of AMP 
with CO2. The obtained results therefore indicate that the choice of an alkanolamine with better reaction rate with 
CO2 is essential to achieve a satisfactory CO2 capture in a RPB operation. For a desired capture efficiency in 
treatment of a gas with 10 vol% CO2 using 30 wt% mixed alkanolamine solutions at 333 K, Figures 5 and 6 show 
that the highest gas flow rates allowed to treat depended on alkanolamine formulation and liquid flow rate. For 
examples, all the mixed alkanolamine mixtures could be used to achieve the capture efficiency more than 90 % at a 
liquid flow rate of 100 mL/min for treating a gas with flow rate of 20 L/min. However, only the mixed alkanolamine 
mixtures containing MEA or AEEA with PZ could be used to achieve the same capture efficiency at the same liquid 
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flow rate for treating a gas with 30 L/min. When the liquid flow rate was raised to 300 mL/min, more gas (up to 50 
L/min) could be treated. Though the reaction rate of MEA with CO2 is smaller than that of AEEA, there was no 
distinguished difference between MEA and AEEA in the mixture. This was because that more MEA was present in 
the solution with the same weight percent due to that the molecular weight of MEA is smaller than that of AEEA. 
For the mixture containing AMP and PZ, a higher liquid flow rate was required to achieve the desired capture 
efficiency. Because less absorbent used in CO2 capture is generally desired, the mixture containing AMP is not 
suggested to use in a RPB operation. 
 
For all the mixed alkanolamines solutions, Figures 7 and 8 show that the calculated HTU corresponding to the 
capture efficiency higher than 90% were all less than 2 cm, much smaller than that using a packed bed absorber. 
This verifies the conclusion of Lin et al. (9) and Jassim et al. (12) that the size of an absorber can be significantly 
reduced if a RPB instead of a packed bed absorber is used to capture CO2 from a gas stream. 
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Figure 6. Dependence of capture efficiency on gas and liquid flow rates at 333 K for alkanolamine solutions 
containing 15 wt% MEA, AEEA, or AMP and 15 wt% PZ. The symbols represent: Ƒ, ż, Ϧ, 15 wt% PZ + 15 wt% 
AEEA; Ŷ, Ɣ, Ÿ, 15 wt% PZ + 15 wt% AMP; Liquid flow rates: square, 100 mL/min; circle, 200 mL/min; triangle: 
300 mL/min. 
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Figure 7. The calculated HTU at 333 K and different gas and liquid flow rates for alkanolamine solutions containing 
MEA and PZ. The symbols represent:  Ƒ, ż, Ϧ, 15 wt% PZ + 15 wt% MEA; Ŷ, Ɣ, Ÿ,10 wt% PZ + 20 wt% MEA; ഞ, 
ഇ, ത, 30 wt% MEA; Liquid flow rates: square, 100 mL/min; circle, 200 mL/min; triangle: 300 mL/min. 
930 H.-H. Cheng, C.-S. Tan / Energy Procedia 1 (2009) 925–932
 Author name / Energy Procedia 00 (2008) 000–000 7 
20 30 40 50 60 70
0
2
4
6
8
10
H
TU
 (c
m
)
Gas Flow Rate (L/min)
 
Figure 8. The calculated HTU at 333 K and different gas and liquid flow rates for alkanolamine solutions containing 
MEA, AEEA, or AMP with PZ. The symbols represent: Ƒ, ż, Ϧ, 15 wt% PZ + 15 wt% AEEA; Ŷ, Ɣ, Ÿ, 15 wt% PZ 
+ 15 wt% AMP; Liquid flow rates: square, 100 mL/min; circle, 200 mL/min; triangle: 300 mL/min. 
 
Figure 9 shows the calculated regeneration energies of the mixed alkanolamine solutions using the method 
suggested by Chakma (14) with the reported heat of absorption and heat of capacity of MEA, AEEA, and PZ (15-19) 
and latent heat of evaporation of water. It is seen from Figure 9 that the required regeneration energy for the 30 wt% 
alkanolamine solutions containing MEA or AEEA with at least 10 wt% PZ were smaller than those for the 
alkanolamine solutions containing AMP with PZ and the single MEA solution, indicating the superiority of the 
former mixed solutions for CO2 capture from a gas stream containing 10 vol% CO2. Because less energy was 
required to regenerate absorbent after chemical absorption at low liquid flow rate, a higher liquid flow rate is 
therefore not needed unless a higher CO2 capture efficiency is desired or a higher gas flow rate is needed to treat. 
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Figure 9. The calculated regeneration energy for different alkanolamine solutions for a rotating speed of 1000 rpm 
and a temperature of 333 K. The symbols represent: (a) Ƒ, ż, Ϧ, 15 wt% PZ + 15 wt% MEA; Ŷ, Ɣ, Ÿ,10 wt% PZ + 
20 wt% MEA; ഞ, ഇ, ത, 30 wt% MEA; (b) Ƒ, ż, Ϧ, 15 wt% PZ + 15 wt% AEEA; Ŷ, Ɣ, Ÿ, 15 wt% PZ + 15 wt% 
AMP; liquid flow rates: square, 100 mL/min; circle, 200 mL/min; triangle: 300 mL/min. 
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4. Conclusions 
The capture of CO2 from a gas containing 10 vol% of CO2 by chemical absorption with 30 wt% single and mixed 
amine solutions over wide ranges of rotating speed, temperature, gas flow rate, and liquid flow rate in a rotating 
packed bed was studied. The CO2 capture efficiency was found to increase with increasing temperature in the 
studied range of 303 to 333 K. It was also found to be dependent on gas and liquid flow rates and rotating speed. A 
rotating speed of 1000 rpm was suggested for the rotating packed bed with an inner and outer diameter of 7.6 and 16 
cm, respectively, and a height of 2 cm. From the measured CO2 capture efficiency, CO2 loading, HTU, and 
regeneration energy, the 30 wt% alkanolamine aqueous solutions containing 15 wt% PZ and 15 wt% MEA or AEEA 
were found to be very effective absorbents to capture CO2. For treatment of a gas with flow rate of 50 L/min by 
these solutions with a rate of 300 mL/min, a CO2 capture efficiency more than 90% could be achieved. All the 
corresponding HTU were found to be less than 2.0 cm, significantly lower than those in a conventional packed bed 
absorber. The smaller HTU was mainly attributed to the proper combination of the alkanolamines with high reaction 
rates with CO2 and the increase in contact between gas and liquid in rotating packed bed. Because high CO2 capture 
efficiency can be achieved with small HTU, a rotating packed bed exhibits its potential to treat the flue gases from 
power plants.  
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